Carbon prices are one of the most prominent methods to reduce global greenhouse gas emissions and have been adopted by several countries around the world. However, regionally different carbon prices can lead to carbon leakage. We investigate a simplified European power system where carbon prices are varied with respect to GDP per capita and find that inhomogeneous carbon prices lead to significant carbon leakage due to coal-fired generation remaining a major source of power in Eastern Europe.
I. INTRODUCTION
Global warming is the human-caused long-term increase in observed average temperature on Earth. Power systems around the world are transforming towards high shares of renewable energy sources to mitigate global warming. Carbon prices are a prominent option to include the externality of greenhouse cases in economic processes. However, varying carbon prices around the globe could lead to carbon leakage. In addition, Weitzman [1] has shown and Nordhaus [2] has pointed out that it is easier to negotiate a single carbon price than to set different limits on carbon emissions per country. The concept of carbon leakage is described as the increase of carbon dioxide emissions in a country as a result of lower carbon dioxide emissions in another country, for instance by moving energy-intensive industries from one region to another.
Zhu et al. [3] have recently taken a look at carbon taxation in a coupled electricity and heat system for Europe and concluded that a CO 2 tax is mandatory for decarbonisation.
In this paper we investigate a simplified European power system with regionally diversified carbon prices. Carbon prices are assumed to be higher in wealthier regions as reflected by gross domestic product (GDP) per capita than in regions with low GDP per capita. We show that diversified CO 2 prices lead to enormous leakage of carbon emissions to countries with low GDP per capita and this effect is at times even stronger than the general reduction of emissions due to carbon prices. Table I. 
II. METHODOLOGY
We model a simplified European power system where neighbouring countries with similar GDP per capita were joint into single nodes. Its topology is shown in Fig. 1 . Nodes with relevant quantities are shown in Table I carbon prices are not the same for every region, but instead differentiated. The carbon price per region µ CO2 is defined as a function of GDP per capita and the base carbon priceμ via:
Here,Ḡ DP = n GDPn dn n dn is the demand-weighted average GDP per capita. The parameter α describes the distribution of carbon prices and is varied in the following together with the base priceμ.
A. Model
The optimisation objective is to find the cost-optimal solution for the simplified power system under various constraints. The problem itself is a linear minimisation of total system cost and reads:
The objective consists of capital costs c n,s for installed capacity G n,s of a carrier s at node n and marginal costs of generation o s for energy generation g n,s,t of carrier s at node n and time t. This optimisation objective is subject to various constraints; most important are the nodal power balance among generation, demand and flow, as well as the dispatch constraints with respect to generation:
In the equation for the nodal power balance, d n,t is the demand at node n and time t, K n,l the network's incidence matrix and f l,t the actual power flow on line l at time t. The energy generation in the dispatch constraint is limited downwards by its minimal generation potential g − n,s,t and limited upwards by its maximal generation potential g + n,s,t , where G n,s describes the capacity of a carrier type s at node n.
Storage units obey additional constraints given by the state of charge (soc) equations, which describe the charging and discharging behaviour:
Charging efficiencies are described by η, where η 0 describes standing losses (neglected in the following), η 1 efficiencies of storage uptake and η 2 efficiencies of storage dispatch (both assumed as 0.9 for battery storage). The term inflow covers any external inflow, e.g. energy inflow into hydro reservoirs and spillage losses for instance by reaching maximum storage capacity.
Active power flows f l on a transmission link l are constrained by the maximum transmission capacity F l of the considered link:
In this study, every link-capacity was set to 5 GW. We use the software toolbox Python for Power System Analysis (PyPSA, [4] ) to perform the optimisation. This toolbox has been widely used in the research community, for instance to study the interplay of sector coupling and transmission grid extensions [5] or the impact of climate change on a future European power system [6] .
B. Data and Assumptions
Renewable generation potentials were obtained from renewables.ninja [7] . Wind potentials are based on wind speeds from the MERRA-2 reanalysis [8] and the current wind turbine fleet per country. Solar potentials are based on CM-SAF's SARAH satellite dataset [9] with default configurations.
Hydro inflow and capacity data were obtained from the RESTORE 2050 project [10] . Hydro energy was assumed to be fully exploited in Europe and not extendable. Hydro energy inflow was modelled using a potential energy approach and surface runoff data [11] .
Consumption data were obtained from the open power system data project [12] .
The cost assumptions for all considered technologies were derived from different sources ( [13] , [14] ), they were annualised with a discount rate of 7% and are given in Table II .
III. RESULTS
We cost-optimise the problem stated in Eq. (3) -(6) for a carbon price between 0 and 250 mu/ton and a distribution parameter α between 0 and 2.
Generation Distribution, mu=100, alpha = 0.0 [13] , [14] . ALL ENERGY QUANTITIES REFER TO EXERGY VALUES.
Generation Distribution, mu = 100, alpha = 1.0 Generation Distribution, mu=100, alpha = 2.0 Fig. 2 -4 show the European distribution of dispatched energy for a carbon price of 100 mu/ton and distribution parameters α equal to zero (Fig. 2) , one (Fig. 3) , and two ( Fig. 4) . At a first glance, several apparent aspects remain the same: most nodes are producing from the very same generation sources. However, for an uneven carbon price distribution, i.e. increasing the distribution parameter α, a large share of coal generation remains in Eastern Europe. At α = 2.0, OCGT has also replaced a relevant share of solar PV in the southern node 6. In the south-eastern node 11, coal replaces solar PV almost entirely, whereas in node 10 coal replaces a large proportion of wind and generates approximately 50% of energy. For α = 1, local carbon prices remain low at 32 mu/ton (node 11) and 38 mu/ton (node 10), thus keeping coal a competitive source of energy generation. For α = 2.0, where the South-eastern nodes experience no carbon prices, these effects are even stronger emphasised.
The general evolution of dispatch and capacities per generation technology are shown in Fig. 5 and 6 . Without carbon prices, coal is a competitive source of generation that dominates. However, even at a rather limited base price of 50 mu/ton, the coal share has vanished almost entirely in the homogeneous scenario. If carbon prices are distributed unevenly, a share of coal survives up until higher base prices or even entirely up to 250 mu/ton. Another interesting observation is the dispatch of OCGT being higher at a base price of 50 mu/ton for α = 0.0 than for α = 1 or 2, but its share is overtaken soon thereafter.
Carbon leakage can be observed in the curves of CO 2 emissions in Fig. 7 . At a base CO 2 price of 50 mu/ton, a strongly inhomogeneous CO 2 price distribution leads to an increase of carbon dioxide emissions of 100% compared to the homogeneous case. At a CO 2 price of 100 mu/ton and beyond, this difference is even stronger emphasised. For a base price of 250 mu/ton, CO 2 prices vary between 79 and 413 mu/ton at α = 1, while at α = 2 they vary between 0 and 577 mu/ton. Although transmission capacities are limited, vast carbon leakage occurs and prevents a deep decarbonisation in this case.
IV. SUMMARY AND CONCLUSIONS
In this paper, we have investigated how inhomogeneous carbon prices affect a European power system. We have shown that varying CO 2 prices can lead to significant carbon leakage. Assuming CO 2 prices to increase monotonously with increasing GDP per capita reflecting economic strength of a region, has led to waste amounts of coal generation in Eastern and South-Eastern Europe and consequently carbon leakage. Schyska et al. [15] have recently shown that varying capital cost among European countries have profound impact on the distribution of renewables and should be considered in studies on the European power system. It is an reasonable assumption that the effect of inhomogeneous capital cost and inhomogeneous carbon prices oppose each other. This effect could be combined with varying CO 2 prices in future work.
